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CHAPTER 4 
Immobilization of flavin on highly porous 
polymeric disks; three routes to a catalytically 
active 'membrane' 
SUMMARY 
Disks obtained by polymerizatwn of high internal phase emulsions 
(~ol~hipe@,  registered trade mark of Unilever) had completely open pore 
structures and were used as a carrier material for the immobilization of 10- 
ethyl-isoalloxazine ('j7avin9). Three methods for immobilization are described; 
1-direct modification of chloromethylated Polyhipe with flQvin and 
triethylamine, 2-deposition of a polyelectrolyte complex of flavin-containing 
polycations and poly(sodium styrenesulphonate) onto the (internal) surface of 
a Polyhipe; and 3-complexation of flavin-containing polycations on the 
(internal) surface of a sulphonated Polyhipe. The catalytic activity per flavin 
moiety in the continuous aerobic oxidation of 1-benzyl-1,4-dihydronicotin- 
amide depends on the method of immobilization and on the loading with 
catalytic moieties, factors influencing the accessibility and distribution of 
catalytic sites over the pore surface and the matrix of the Polyhipe. Optimum 
activity was found in the case of method 3. All methods resulted in excellent 
stability of the immobilized catalyst in continuous reactions. The linear 
polycations immobilized by methods 2 and 3 can be decomplexed completely 
after the continuous reaction, using a ternary solvent, and analyzed by 
homogeneous spectroscopic techniques, providing a powerful tool in the study 
of the fate of catalysts in continuous processes. 
Accepted for publication in Reactive Polymers 
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INTRODUCTION 
Immobilization of catalytic and reactive species on solid supports has 
become an important issue in recent years. Especially when expensive or 
hazardous reagents are involved, the application of immobilized materials has 
great advantages, such as reduced contamination of the environment, simplified 
workup, and the possibility of recycling and continuous Furthermore, 
immobilization of a reactive species can be a valuable tool in the elucidation of 
reaction mechanisms and catalytic cycles of the bound reagents. 
Inorganic materials (glasses, metal oxides) and crosslinked polymeric 
supports can be used as a carrier material on which the catalyst can be 
covalently bound or adsorbed. The former are especially suitable for high 
temperature applications because of their thermal inertness, but polymeric 
supports may be preferable in other applications3, because they can be easily 
functionalized and have controllable physical properties (particle size, porosity, 
(inner) surface area, etc). 
Immobilization of catalytically active species on solid supports has 
however one major disadvantage, concerning the characterization of the catalyst. 
During modification of the carrier material and the actual immobilization, side 
reactions can take place, thus yielding a rather poorly defined catalytically active 
system. This may lead to complications when the catalyst is used. In the case 
when soluble catalytically active species are immobilized by physical adsorption 
on a support, the catalyst can be fully characterized before immobilization. 
When adsorbed low molecular weight catalysts are used in a continuous process 
however, they tend to show a loss in activity, due to leaching of the catalyst. In 
the case of catalysts bound to linear polymers, physical binding to a solid 
support shows much better results, because co-operativity of the physical 
interactions leads to a much more stable system. 
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Here we compare the covalent binding of a catalytically active species on 
a highly porous macroreticular polymer formed from a high internal phase 
emulsion (Polyhipe), with the immobilization of a soluble, flavin-containing 
polycation through complexation with either a soluble polyanion (PSSS) or the 
sulphonated surface of a Polyhipe. Flavin is very suitable as a model catalyst 
because of the extensive knowledge of its reactivity, and its known stability 
under the conditions used here4*'. This enables us to evaluate the stability of 
the three different immobilized systems described here without the interference 
of decomposition of the catalytic moieties. 
EXPERIMENTAL 
Materials 
Polyhipes were prepared by copolymerization of divinylbenzene 
(commercial) and styrene (2:3 vlv), by known techniques6, leading to materials 
that are nominally 20% crosslinked and have nominal pore volumes of 90%. 
Chloromethylated Polyhipes were made by copolymerization of divinylbenzene 
and vinylbenzylchloride (2:3 v/v) leading to materials that are nominally 20% 
crosslinked and 60% chloromethylated, again with a nominal pore volume of 
90%. Polymerization was carried out in plastic containers (100 ml), giving 
cylindrical monolithic Polyhipe materials. These were cut (after wetting with 
MeOH) into disks (thickness 1 cm and diameter 5 cm) and washed thoroughly 
with ethanol, water and methanol before use. Modification of the Polyhipe disks 
was camed out in a continuous flow system, shown schematically in figure 4.1. 
It was ensured that all the solvent went through the Polyhipe disk by employing 
a rubber ring gasket to seal it in the membrane reactor. Water soluble flavin- 
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containing polycations (see 
figure 4.2) were prepared, 
starting from chloromethylated 
polystyrene (w= 4.8x104, 
D=1.9), according to methods 
described elsewhere7. 
Methanol, dimethylformamide 
(DMF) and 1,2-dichloroethane 
(obtained from Merck) were 
dried on molecular sieves 
before use. Chlorosulfonic acid 
was used without further 
purification. Triethylarnine was 
distilled before use. Poly- 
(sodium-styrenesulphonate) 
(PSSS) (Janssen) was purified 
by double precipitation from 
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Figure 4.1 Schematic representation of the 
experimental set-up used for modification of the 
Polyhipe disks in a continuous flow system 
H H 
Polycation: -(-c-c-)-( H A  a
Figure 4.2 Flavin-containing polycations used here ( l a  a=0.007,P=0.23; 
a=O.O17,P=056; Zc a=O.O13,P=0.96) 
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electron micrographs (SEM) were taken on an I.S.I. DS-130 scanning electron 
microscope after gold deposition to prevent degradation of the polymer. 
Three different approaches were employed to immobilize flavin on the 
Polyhipe disks. In all cases this was carried out in the conthuous flow system 
described above. Preliminary experiments have shown that this will result in a 
more even distribution of the (catalytic) moieties throughout the disk, leading 
to optimal activity. A flow-speed of 1.6 x mm/s was applied during the 
reactions (unless stated differently). 
The first method is direct binding of flavin (10-ethyl-isoalloxazine) onto 
a chloromethylated Polyhipe (see figure 4.3). This was carried out using 
solutions of 50 mg of 10-ethyl-isoalloxazine and 115 mg of K2C03 in 50 rnl of 
solvent (vide infra). In certain cases 25 mg of NMe,I was added as a catalyst. 
After a certain time the reaction was stopped by flushing the disks with a large 
amount of the solvent, until no flavin could be detected in the outcoming stream 
(with UVJVIS-spectroscopy, 4,,,=439 nrn). Next a 10% solution of NEt, in 
MeOH was applied for 8 hours. Finally the disks were flushed with MeOH and 
water. Flavin contents were estimated by carrying out the anaerobic oxidation 
of BNAH as described elsewhere8. Polyhipe samples were ground thoroughly, 
using a steel mill, before the flavin content was examined, in order to determine 
the total amount of flavin (both on the pore-surface and inside the matrix) 
present in the material. 
The second method is deposition of a flavin-containing polyelectrolyte 
complex9 (PEC) on the (internal) surface of an unmodified (styrene/DVB) 
Polyhipe disk (see figure 4.4). In order to do this, a stoichiometric PEC of a 
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Flavin 8 K2C03 p CH*-NR~CI- (NMe,l) NR3 L L  MeOH/DMF MeOH 
CH,CI =3/1 r F H 2
Figure 4.3 Schematic representation of immobilization method I ;  direct 
covalent binding of flavin by reaction with a chloromethylated Polyhipe 
flavin-containing polycation (lblc, shown in figure 4.2) with PSSS was 
dissolved in a ternary solventlo consisting of water, acetone and NaBr (2:l:l 
by weight). This solution was pumped through a disk (at 4.2 x mrnls), 
which had previously been flushed with the same ternary solvent. As soon as the 
flavin concentration in the effluent was the same as in the original solution, air 
was pumped through the disk. In this process part of the solution was removed, 
while the remaining PEC-solution gelled. This is caused by the evaporation of 
(part of) the acetonelwater of the ternary mixture, thus changing the composition 
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solution of flavin- removal of PEC on pore- 
containing PEC in surface of cOSOlveni ternary solvent Polyhipe@ 
Figure 4.4 Schematic representation of immobilization method 2;  
deposition of a PEC-layer onto the pore surface of a Polyhipe 
of the solvent resulting in gelation of the PEC1'. The amount of PEC (and 
flavin), deposited in the Polyhipe disks was estimated by comparing the amount 
of flavin in the (combined) solution before and after the deposition. PECs were 
also deposited in sandwich membranes as was described elsewhere.12 
The third method is immobilization by complexation of a flavin-containing 
polycation to the internal surface of a sulphonated Polyhipe (see figure 4.5). 
Sulphonation was carried out with solutions of different concentrations of 
chlorosulfonic acid (HCISO,) in 1,2-di~hloroethane'~ (concentration range 0.1 - 
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2 Complexation of flavin-containing polycation 
Figure 4.5 Schematic representation of immobilization method 3; com- 
plexation of a jlavin-containing polycation onto the surjace of a 
sulphonated Polyhipe 
3.0 % wlw). In order to prevent damage to the Polyhipe material by non- 
homogeneous swelling, the polymer was first wetted with MeOH and then the 
composition of the solvent was changed gradually to 1,Zdichloroethane. Next 
100 ml of the HClSO, solution was pumped (8.4 x mrnls) through the disk 
(during this treatment the Polyhipe disk became red), followed by 1,2- 
dichloroethane (50 ml). Then the composition of the solvent was changed 
(gradually) to dioxane (50 ml), methanol (50 ml) and, finally, water (50 ml). 
After this the disk had an off-white colour again. Finally the disk was flushed 
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with a 0.1 M aqueous solution of NaOH for 4 hours. After washing with aqua 
bidest, a solution of a flavin-containing polycation (20 mg in 50 ml of a 
buffered (pH=8.0, TRISIHCl) mixture of water and 2-propanol, 9515 v/v) was 
pumped through the disk. The amount of immobilized polymer-bound flavin 
could be calculated by determining the concentration of flavin in the reaction 
mixture before and after complexation, by means of UVffIS-spectroscopy 
(k,=440 nm, &=9 100 M-'cm-I). 
Determination of activity and stability in continuous flow 
In order to test the stability of the catalytically active membranes ob- 
tained, the aerobic oxidation of 1- 
benzyl- 1,4-dihydronicotinamide 
(BNAH), figure 1.3) in waterl2- 
propanol=95/5 (vlv) at 25 "C (pH=8.0 
with TRIS-buffer, I=0.05 M with KC1) 
was carried out as a test reaction. This 
reaction was carried out in a continu- 
ous flow reactor (figure 4.6), in which 
the residual concentration of BNAH in 
the product-stream was determined on 
line with a UVIVIS-spectrophotometer 
( k 3 6 5  nm). A comparison of the cata- 
lytic activities was made by determi- 
ning the amount of substrate converted 
per flavin per hour ([BNAHIinitial= 
1.5x10-~ M) at 60% conversion. Figure 4.6 Schematic representation of the set-up used for continuous BNAH- 
oxidation by the modified Polyhipe disks 
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RESULTS AND DISCUSSION 
The SEM pictures of the Polyhipe disks (figure 4.7) uscd hcrc, nll 
confirmed a completely open pore structure. The pores show a rather large size 
distribution and appear to be intercor~r~ected by numerous holes in the pore 
walls. This characteristic structure enables the solvent to be pumped through 
thick disks of the material with vety low backpressures, Furthermore the rigidity 
of the crosslinked material makes it possible to use relatively thick disks {up to 
several cm were tested) without collapse of the structure. 
Figure 4.7 Samples of SEM picturt?~ (at difcrcnt magnification) of r h ~  PoSyhipr disks 
rhat were wed ar carrier mareria! 
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Table 4.1 Amount offavin bound covalentty to the Polyhipe disk by method I (molelgram 
dry weight) and apparent activity of the immobilized jlavin in the continuous aerobic 
oxidation of BNAH as a function of the modification reaction time and conditions (A=MeOH; 
B=MeOH +NMeJ; B' =MeOHIDMF=5:1; C=MeOHIDMF=5:1 +NMeJ, see experimental for 
firther detail) 
* No bound flavin could be detected 
Direct modification of chloromethylated Polyhipe with flavin appears to 
be a slow reaction. 1t was performed in three different solvent systems, 
methanol, DMF, and a mixture of these two (see table 4.1). We hoped that using 
a poor solvent for the polymer matrix (MeOH) might suppress the reaction of 
chloromethyl groups inside the matrix, which leads to less accessible catalytic 
It appeared however that using pure methanol as the reaction medium 
does not result in significant amounts of immobilized flavin. Only after one 
week could some polymer-bound flavin be detected. This is probably caused by 
the low reactivity of the flavin-reagent, combined with the poor accessibility of 
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the chloromethyl units in a poor solvent for the polymeric matrix. If the reaction 
is performed in DMF, a good solvent for polystyrene and able to swell the 
crosslinked polymer, a reasonable amount of flavin can be bound. In this case 
however, not only the pore surface but also the interior of the matrix may be 
modified. It appears that addition of a small amount of DMF to the methanol 
leads to a large improvement of reactivity of the matrix, while addition of a 
phase transfer catalyst (NMe41) has the same effect. 
Deposition of PEC on the pore surface of the Polyhipe is a fast way to 
obtain catalytically active materials. At low loading with the flavin-containing 
PEC quite good results can be accomplished (table 4.2). A high loading with 
catalyst is difficult to obtain however, without decreasing the effective activity 
Table 4.2 Amount offlavin(-PEC) immobilized (by method 2 ;  deposition of a stoichiometric 
jlavin-containing PEC of polymer lb , lc  and PSSS) on the Polyhipe disk (molelgram dry 
weight) and apparent activity of the immobilized flavin in the continuous aerobic oxidation 
of BNAH as a function of the loading with PEC (see experimental for further detail) 
* PH=PEC immobilized in Polyhipe; 
SM=PEC immobilized in sandwich membrane 
** sample had high solvent flow resistance 

















































Chapter 4: Immobilization of flavin on highly porous polymeric disks 
per catalytic moiety. If too much PEC is deposited in the Polyhipe, the pores are 
blocked by the water swollen PEC-gel, leading to a large decrease of the flow 
(of substrate) in the blocked pores, and thus to a lower overall activity per 
flavin. Since PECs are known to show enormous swelling in aqueous 
media15*16, this effect will start to influence the system already at relatively low 
loading. 
Table 4.3 Distribution of sulphomte groups (S-content) over the 
Polyhipe disk (top to bottom), determined by elemental 
microanalysis ( I  mm thick slices) 
Sulphonation of a Polyhipe followed by complexation of a flavin- 
containing polycation is the most versatile way to obtain a catalytically active 
membrane. During sulphonation a high flow speed of the reaction medium was 
maintained in order to obtain an even distribution (on a macroscopic scale) of 
the sulphonate groups over the Polyhipe disk. Elemental microanalysis of 1 rnrn 
thick slices of a modified disk (table 4.3) showed that the sulphonate groups are 
distributed almost homogeneously (apart from a somewhat higher amount in the 
top layer of the Polyhipe). This does not imply however, that this is also the 
case on a microscopic scale. Complexation of a flavin-containing polycation on 
the sulphonated pore surface seems to occur in two stages (figure 4.8). At first 
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Figure 4.8 Example of a complexation experiment; uptake of polycation vs. time 
nearly all of the available polycation is complexed, followed by a relatively 
short transition period to a situation in which only a small amount of the 
polycation supplied is bound to the Polyhipe. During this final stage, 
reorganization of the bound polycations and diffusion limited complexation to 
the (sulphonated) surface of smaller, less accessible pores may take place. 
There is a clear dependence between the amount of bound polycation at 
equilibrium, and its degree of quaternization P of the polycation (see table 4.4). 
A higher P results in a smaller amount of complexed polycation. However, 
calculation shows that the amount of cationic groups present in the complexed 
polycations is nearly independent of P. One might conclude that with increasing 
p the polycations are more elongated on the surface. Higher loadings with 
catalyst can therefore be obtained with polycations with low P and increased 
flavin-content (a). 
As can be seen in table 4.4 the effect of an increased degree of 
sulphonation (from 1.1 to 2.9 mmol/g) upon the amount of polycation that is 
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Table 4.4 Amount offavin bound (by complexation of aflavin-containing polycation to a 
sulphonated Polyhipe; method 3) to the disk (rnolelgrarn dry weight) and 
apparent activity of the immobilized flavin in the continuous aerobic oxidation 
of BNAH as a function of the degree of sulphonation of the Polyhipe and of the 
type of flavin-containing polycation (see experimental for further detail) 
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bound at equilibrium is quite small (30 %). This might be explained by 
assuming that the sulphonation of the pore surface of the Polyhipe is almost 
complete at the lowest degree of sulphonation. The increased degree of 
sulphonation should then be caused mainly by sulphonation of the matrix of the 
Polyhipe. These extra sulphonate groups can not be used for complexation of the 
polycations, i d  will therefore not contribute to an increased amount of 
complexed polycation. 
Catalytic activity 
The catalytic activity per flavin unit in the continuous oxidation of BNAH 
shows quite a strong dependence upon the immobilization method used (tables 
4.1,4.2 and 4.4). The lowest conversion rates are found for flavin moieties that 
are covalently bound to the Polyhipe surface. This may be caused by the fact 
that some flavins are embedded in the crosslinked (hydrophobic) matrix. This 
is confirmed by the observation that the solvent system (during immobilization) 
also appears to have an effect on the overall catalytic activity. This might reflect 
the distribution of the catalytic sites over the surface and the matrix of the 
Polyhipe. The embedded flavin-moieties probably are almost completely inacces- 
sible in aqueous media which leads to an (overall) less active catalyst. This is 
confirmed by the fact that both a higher loading with catalyst and using a better 
solvent for the matrix during immobilization results in a decrease of the mean 
activity per flavin unit (table 4.1). 
The deposition of a flavin-containing PEC at the pore-surface leads to a 
more active catalyst (table 4.2). Especially at low loading with the PEC the 
activity per flavin is quite high. In this case the PEC is present as a (thin) gel- 
layer on the surface of the Polyhipe pores. For thin PEC-layers in contact with 
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the substrate stream, diffusion limitation for the substrate should be very small, 
as was found for model ~ ~ s t e m s ~ " ~  At higher loadings the mean activity per 
flavin shows quite a large decrease, which cannot be explained by diffusion 
limitation into a somewhat thicker layer of PEC. A more plausible explanation 
is that it is caused by the clogging of complete (smaller) pores which then are 
inaccessible to the substrate stream, thus leading to inactive flavin moieties. 
When the same amount of flavin-containing PEC is deposited as a sandwich 
membrane12 hardly any decrease of activity is found as the amount of PEC is 
increased (table 4.2). It appears however, that the spatial distribution of the PEC 
in the Polyhipe system (compared to the denser packing in a sandwich 
membrane) results in an increased mean activity per flavin at low loadings with 
PEC. If the amount of PEC in the Polyhipe is increased further, complete 
blocking of the substrate stream occurs (at low pressure). 
Complexation of flavin-containing polycations to a sulphonated Polyhipe 
surface gives the most active catalytic sites (table 4.4). The mean activity per 
flavin is up to four times higher compared to flavin bound covalently to the 
Polyhipe. Furthermore the mean activity is hardly influenced when the loading 
with flavin-containing polycation is increased. We believe that these results can 
be explained by the fact that there is only a monomolecular layer of highly solu- 
bilized polycations on the surface of the pores. This means that the pores will 
not become clogged as was the case with the PEC-deposition. Furthermore, all 
flavins will remain accessible for the substrate after complexation of the poly- 
cation, since none of the catalytic sites can be embedded in the Polyhipe matrix. 
The mean activity of the flavin moieties also depends upon the degree of quater- 
nization (p) of the polycations. This effect has already been described for model 
 system^^*'^, and has been ascribed to an increased reactivity of the polyrner- 
bound flavin towards hydride transfer from the substrate (due to the favourable 
polyelectrolyte effect) with higher P. 
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Stability 
The Polyhipe is known to be a brittle material in the dry state, but no 
mechanical deterioration was observed at all during modification nor during 
continuous use as described here. Two reasons can be given for this 
(unexpected) mechanical stability. First of all the solvent may plasticize the 
material to a considerable extent. This is the reason for the fact that we cut the 
Polyhipe monolith in the wet state. Secondly, the fact that we use the material 
in a stationary system will, of course, minimize the mechanical stress on the 
system. 
All three types of catalytic membranes described here show excellent 
stability in a continuous flow reaction, and the conversion of substrate remained 
constant for at least one week when standard conditions were applied. Only in 
the case of method 2 (PEC-layer) an initial decrease of activity was found when 
the material was dried completely before use. Apparently the large shrinkage of 
the PEC upon drying results in breaking of the PEC-layer, and release of smaller 
particles. 
A very interesting possibility with the systems in which the catalytic 
moieties are immobilized by physical binding is the fact that this immobilization 
may be reversible. This is of course especially advantageous if decomplexation 
only occurs under very particular conditions. In the case of the polyelectrolyte 
complexes used here (methods 2 and 3), no single solvent is known to be able 
to cause decomplexation. Only if a ternary solvent (consisting of water, a salt 
and an organic solvent in a very specific ratio) is applied, it is possible to 
dissociate the complex8. Here we used a mixture of water, acetone and NaBr 
(2:l:l wlw). With this solvent it was possible to remove both the flavin- 
containing PEC (method 2) and the polycations complexed to the sulphonated 
Polyhipe (method 3). In the first case the effluent contains a mixture of the 







time (days) + 
Figure 4.9 Example of a decomplexation experiment using a ternary solvent, monitored 
via the conversion of BNAH afer  passing a Polyhipe disk modified by method 3 
polycation and PSSS, while in the last case the effluent contains only the 
polycation. In figure 4.9 the conversion of BNAH by complexed flavin- 
containing polycations is shown as a function of time. After an initial period, in 
which the Polyhipe becomes saturated with the substrate, the conversion remains 
stable as long as standard conditions are applied. When the ternary solvent 
(containing BNAH) is applied however, the conversion of substrate drops to zero 
as the polycations are removed from the membrane. This means that the 
complexation is completely reversible. Thus the Polyhipe can be reused and 
(decomplexed) polycations can be easily analyzed after reaction, using 
'homogeneous' techniques. Shown here (figure 4.10) is the UV/VIS-spectrum 
of a solution of a polycation before and after use in a continuous reaction. 
Especially in the case of less stable catalysts this concept of reversible 
immobilization could be a valuable tool in the study and practical use of such 
catalytic systems. It must be stressed again however, that the polyelectrolyte 
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- flavin-containing polycotion before complexotion 
. . . . . , . . . Solution of removed polycotion ofter one doy of 
continuous use in BNAH-oxidation 
Figure 4.10 W I V I S  spectra of solutions of a flavin-containing polycation 
before complexation to a sulphonated Polyhipe, and afier decomplexation with a 
ternary solvent Cfollowing usage in the conrinuous oxidation of BNAH) 
complexes remained stable as long as standard conditions were applied. 
Furthermore, a raise in the operation temperature will not lead to 
decomplexation, since the driving force (release of low molar mass ions) is 
entropic in nature. Thus, the stability of the complex will only increase with 
temperature, and only the decomposition of the catalytic moieties and/or the 
polymer matrix may limit the temperature stability of such systems. 
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CONCLUSIONS 
We have presented three different methods to immobilize a flavin-catalyst 
onto a highly porous crosslinked polymeric membrane. The characteristic 
structure (connected open pores) of these materials and the large range of 
possible chemical modifications of the polymer matrix make these materials an 
ideal support material for many other catalytic systems. In the present study we 
have shown that the activity of the catalytic sites can be optimized by non- 
homogeneous modification of the support, so that the catalytic moieties are 
situated on the interface between the pore walls and the reaction medium. In the 
case of direct modification of the matrix, the solvent used during modification 
is very important, and should be as bad a solvent for the matrix-polymer as the 
modification reaction allows. When soluble polymeric catalyst are immobilized 
by complexation (either to a second soluble polymer or to an appropriately 
modified matrix) stable catalytic systems can be obtained, in which the catalyst 
cannot be embedded in the polymer matrix. Complexation of a flavin-containing 
polycation to a sulphonated Polyhipe resulted in an optimum activity of the 
catalyst. The reversibility of such complexes under special conditions makes this 
immobilization method very useful for practical and academic applications. 
REFERENCES 
1. P. Hodge and D.C. Shemngton (Eds.), Synthesis and Separations Using Functional 
Polymers, Wiley, Chichester, 1988 
2. J.P.C. Bootsma and G. Challa, Recl.Trav.Chem. Pays-Bas, 103, 177 (1984) 
3. R.L. Albright, React.Polym. 4, 155 (1986) 
4. T.P. Singer (Ed.), "Flavins and flavoproteins", Elsevier, Amsterdam 1976 
5. J.P.C. Bootsma, thesis, University of Groningen, 1985 
6. D. Barby and Z. Haq, Eur.Pat. 0060138, 1982 and D.C. Sherrington and P.W. Small, 
Eur.Pat. 0288310, 1988 (issued to Unilever p.1.c.) 
Chapter 4 Immobilization of flavin on highly pornus polymeric dish 
J.P.C. Bootsma, G. Challa and F. Muller, J.Po1ym.Sci.Polym.Chem. Edn. 22, 705 
(1984) 
J.P.C. Bootsma, G. Challa and F. Muller, J.Mol.Cata1. 3, 327 (1985) 
Chapter 2 of this thesis 
A.S. Michaels, Znd.Eng.Chem. 57, 35 (1965) 
A.S. Michaels and R.G. Miekka, U.S. Pat. 3546142 (1972) 
Chapter 3 of this thesis 
B.N. Kolarz, A.T. Trochimczuk and M. Wojaczyhka, Angew.Makrornol.Chem. 162, 
193 (1988) 
A. Guyot and M. Bartholin, Prog.Polym.Sci. 8, 277 (1982) 
E. Tsuchida and K. Abe, chapter 5 in "Developments in ionic polymers-2", Eds. A. 
Wilson and S. Prosser (1986) 
J. Smid and D. Fish in "Encyclopedia of Polymer Science and Technology", 2nd Edn., 
Wiley, Chichester, vol. 11, p. 720 (1988) 
